The existence of functional gap junctions in migratory cells of the immune system is a controversial issue. In this report, we have focused on one particular cell type, namely the macrophages, because connexin-43, a protein that forms gap junctions, has been described in peritoneal macrophages and a macrophage cell line (5774). by Northern and Western blot analysis. To test whether these cell types expressed functional gap junctions, we assayed dye coupling by intracellular injection of Lucifer Yellow. We observed that nonstimulated macrophages are not coupled among themselves and did not form functional gap junctions with an epithelial cell line, which expresses functional gap junctions formed by connexin-43. Dye coupling was also not detected between macrophages previously activated by lipopolysaccharide or interferon-y. We further examined the presence of functional coupling using the more sensitive technique of dual whole cell patch-clamp, and again, did not find electrical coupling between macrophages, consistent with the dye mi-AP JUNCTIONS are channels that directly communi-G cate adjacent cells, allowing passage of molecules up to 1 kD in mammalian cells.' Thus, ions, second messengers, and other small molecules can be exchanged between Each junctional channel is formed by association of two sets of six protein subunits that form a hemichannel or connexon in the cell membrane, joined by hydrophobic interactions across the extracellular space. 4 The proteins that form gap junctions are named connexins and, at present, 12 members of the family have been cloned and sequenced in murine tissue^.^ Gap junction channels can be regulated by several agents, including voltage, intracellular calcium and pH, adhesion proteins, extracellular matrix, and hormones.'. ' These channels have been found to be present in almost all tissues; nevertheless compelling evidence has not been provided that migratory cells form functional gap junctions. The croinjection data. We also examined the possible presence of hemigap junction channels activated by extracellular adenosine triphosphate (ATP) using a dye uptake assay and the whole cell patch-clamp technique. Conditions expected t o close gap junction hemichannels (exposure t o octanol and low intracellular pH) did not decrease ATP-induced Lucifer Yellow uptake, whereas condltions expected t o increase hemichannel opening either did not affect ATP permeabilization (dibutyryl adenosine monophosphate) or decreased it (zero extracellular Ca"). Finally, in experiments using resident macrophages derived from conexin-43 knockout mice, we observed ATP induced dye uptake. Our experimental data thus indicate that macrophages in vitro do not form functional gap junctions and that the permeability pathway activated by extracellular ATP is not formed by a hemigap junction channel. 0 1996 by The American Society of Hematology.
first evidence that migratory cells such as leukocytes can communicate between themselves arose about 25 years ago with electrophysiological and ultrastructural studies suggesting the presence of gap junctions between lymphocytes? I Previous studies have also reported the presence of gap junctions in macrophages. P o~a~n i k and MacVittie" described the presence of gap junctions in the progeny of canine macrophages, using freeze-fracture electron microscopy. Levy et all3 used standard eletrophysiological techniques to describe electrical coupling between adherent murine macrophages oriented in linear chains in culture dishes.
Macrophages and other cells of the immune system display an adenosine triphosphate (ATP)-induced permeability pathway that allows the passage of low molecular weight solutes across the plasma membrar~e.'~.'~ This phenomenon has been associated with the expression of PZz purinergic receptors, but the nature of the putative transmembrane pore is not known. Recently, Beyer and Steinberg16 identified the presence of connexin-43 (Cx43) in mouse peritoneal macrophages and in the macrophage cell line 5774 by Northem and immunoblotting. Based on the fact that this protein was not present in a macrophage cell line resistant to the effects of extracellular ATP, they suggested that hemichannels formed by Cx43 could be involved in the phenomenon of membrane permeabilization induced by extracellular ATP. 16 However, functional coupling between the connexin expressing macrophages was not reported, and confirmatory evidence that the ATP-induced permeabilization pathway had properties expected for gap junction hemichannels has not been presented. Such properties might include large single channel conductance, voltage dependence to a single polarity, hemichannel opening by cyclic adenosine monophosphate (CAMP) and low extracellular Ca", and hemichannel closure by low intracellular pH, heptano], and octanol. Although hemichannels might not have properties similar to those of complete junctional channels, many of these predicted properties have been shown to occur in hemichannels of retinal horizontal cells and in Xenopus oocytes expressing Cx46.","
The existence of gap junctions in macrophages could have great physiological importance, as these cells can be found in practically any tissue where they can mediate several immune-inflammatory reactions, leading to the possibility that they could be transmitting or receiving signals through gap junctions. Here we used four different techniques to study this subject in different in vitro situations: dual wholecell recording, dye transfer, dye uptake, and immunoblotting.
MATERIALS AND METHODS

Cells
Thioglycolate-elicited peritoneal macrophages and, in some experiments, resident macrophages were obtained from the peritoneal cavity of Swiss-Webster mice, transferred to RPMI 1640 medium containing 5% fetal calf serum, sodium bicarbonate (2 g/L), penicillin (100 U/mL), and streptomycin (100 pg/mL), and plated in 35-mm plastic culture dishes, as previously described." The surgical manipulations were performed under ether anesthesia. After 1 hour of incubation at 37°C in a 5% CO, humidified atmosphere, the dishes were washed to remove the nonadherent cells. The cells were then cultured for 0 to 7 days in medium alone or in the presence of 1,000 U/mL of interferon-y (IFN-y) or 1 bg/mL of lipopolisacharide (LPS). The macrophage cell line 5774 (ATCC, Rockville, MD) and the thymic epithelial cell line IT-76MI (kindly provided by Dr Tsunetoshi Itoh, Tohuku University, Sendai, Japan) were grown under the same conditions described above. In the coculture experiments, the thymic epithelial cells (TEC) were laid on a monolayer of thioglycolate-elicited peritoneal macrophages at 10: l (TEUmacrophage) ratio and cocultures were used 3 or 24 hours after plating.
Transgenic Animals
Cx43 deficient heterozygous mice were obtained from Jackson Laboratories (Bar Harbor, ME) and bred in the laboratory. As soon as the pups were born, they were killed and resident macrophages obtained as described above. Macrophages from homozygous and heterozygous Cx43 knockout pups, as determined by tail polymerase chain reaction (PCR) and by the heart malformation characteristic of the homozygous animal, were cultured as mentioned and used after 48 hours for the dye uptake assays.
Electrophysiological Recordings
Single whole cell patch-clamp. Patch-clamp experiments were done at room temperature (25°C) using an EPC-7 amplifier (List Electronic, Darmstadt, Germany) according to standard techniques." Gigaohm seals were obtained using heat polished electrodes of 5 to 10 Megaohms. The extracellular solution contained (in mmol/L): 150 NaC1, 5 KCl, 1 MgCI2, 1 CaClz, and 10 Na-HEPES, pH 7.4 (normal extracellular solution). Unless otherwise specified, the pi- Pairs of adjacent macrophages or thymic epithelial cells that made clear membrane contact, as visualized under phase microscopy, were studied, using the double-whole cell patch-clamp technique, to determine junctional conductance.*' Pipette resistence was 4 to 8 Megaohms in solution containing (in mmoVL): 140 KCI, 2 MgClz, 0.5 EGTA, and 10 K-HEPES at pH 7.2, with or without 5 mmol/L Na, ATP. The pipettes were connected to two patch-clamp amplifiers (Axopatch ID; Axon Instruments, Dual whole-cell patch-clamp.
Foster City, CA). Cells were bathed in normal extracellular solution. High resistence seals (>5 Gigaohm) were obtained before breaking into the cells. Cells were voltage-clamped at holding potentials ranging from 0 to -80 mV, and command steps were delivered alternately to each cell of the pair. Currents and voltages were recorded on a four-channel chart recorder (Model 44005; Gould Instruments, Cleveland, OH), and visualized on a Hitachi digital oscilloscope (Hitachi Denshi, Tokyo, Japan).
Dye Injection
Confluent cultures of peritoneal macrophages and 5774 cells were treated or not for 24 or 48 hours with 1,OOO U/mL INF-7 or 1 p g h L LPS, and dye coupling was evaluated using intracellular injection of Lucifer Yellow. Microelectrodes were filled with a solution of 5% of this dye in 150 mmom LiCI, and the dye was introduced into the cells by small hyperpolarizing pulses. Injected fields were observed on a fluorescence microscope (Axioplan, Karl Zeiss, Oberkochen, Germany) equipped with appropriate filters (Zeiss BP 450-4 9 0 m 510/LP 520) and photographed 3 minutes after the injection of dye by exposing Tri-X Pan 400 film for 30 seconds. As positive control for cell-cell difusion of Lucifer Yellow, thymic epithelial cultures were used, as reported previously?2
Dye Uptake Assay
Cell permeabilization was assessed by observing the uptake of Lucifer Yellow (457 Da). Cells were incubated at 37°C for 10 minutes in normal extracellular solution or in calcium free solution (normal extracellular solution plus 10 mmol/L EGTA, final pH, 7.4). In both cases 0.5 mg/mL of Lucifer Yellow was added to the solution with or without one or more of the following drugs, as described in Results: ATP, Octanol, sodium acetate (pH, 7.3 or pH, 6.0) and dibutyryl-CAMP. Culture dishes were then washed four times using the same solution without the dye, and photographs were taken using the same conditions previously described.
Immunoblotting
Soluble cell extracts of peritoneal macrophages and 5774 were obtained according to the technique described in Scheidtmann." Samples were loaded at 100 pg protein per lane (determined by the Bradford protein assay), separated by a 10% sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE), and transferred onto nitrocellulose sheet according to standard techniques. Blots were then saturated with a phosphate-buffered saline (PBS) solution containing 5% nonfat dry milk and 0.1% tween 20, and probed with a polyclonal antibody specific for amino acids 346-360 of the conexin-43 ~equence.'~ Antibody binding was displayed with Iz5I-coupled protein A using a Kodak XAR-5 film (Eastman Kodak, Rochester, NY) exposed at -70°C in the presence of an intensifying screen. Extracts from murine brain and heart tissues were processed similarly and used as positive controls as de~cribed.'~ Reagents ATP, EGTA, Lucifer Yellow, Rhodamine-Dextran, octanol, culture medium RPMI 1640, LPS, dibutyryl-CAMP, and HEPES were purchased from Sigma Chemical (St Louis, MO). IFN-y was kindly provided by Dr Peter H. Van der Meide (TNO-Primate Center, Rijswijk, The Netherlands). '251-coupled protein A was obtained from Amershan (Arlington Heights, IL). All reagents used to modulate gap junction permeability were previously tested in other assays to assure that the reagent was active (data not shown).
For personal use only. on May 3, 2016. by guest www.bloodjournal.org From Cultures of thioglycolate-elicited mouse peritoneal macrophages (PM) and J774 cell line were used in dye injection assay. These CUItures were treated during 24 or 48 hours with IFN-y (1.000 U/mL) or LPS (1 pglmL). The ATP (5 mmol/L) and dibutyryl CAMP (BcAMP, 1 mmol/L) were introduced, respectively, 3 minutes and 1 hour before the dye injection assay. Cells that made clear membrane contact as visualized under phase microscopy were injected. The number of dye coupled cells is expressed in the numerator, and the total number of injected cells in the denominator.
RESULTS
Dye Coupling Between Macrophages
One of the ways to show the presence of functional gap junctions between cells is to inject fluorescent dyes with molecular weights below 1 kD in one cell and to observe whether the dyes spread to neighboring cells. Confluent and subconfluent cultures of thioglycollate-elicited mouse peritoneal macrophages and 5774 cells were injected with Lucifer Yellow under several conditions. No dye transfer was observed in virtually any untreated thioglycollate-elicited mouse peritoneal macrophages or in 5774 cells ( Table 1 , Fig  1 A-D) ; the occasional apparent coupling (<3% of injections) being compatible with the occasional presence of cytoplasmic bridges between these cells. In fact, in one of the cases where Lucifer Yellow transfer was demonstrated, injection of Rhodamine-Dextran (39 kD) also resulted in transfer to the neighboring cell. It should be noted that in similar conditions dye transfer between adjacent thymic epithelial cells was consistently detected (not shown), thus confirming a previous report."
To test whether cells would couple under conditions in which the macrophages were activated, peritoneal macrophages and 5774 cells were treated with two different known activators: IFN--y ( 1.000 U/mL) and LPS ( 1 pg/mL), but no modification occured in dye coupling when compared with controls ( Table I , Fig I E-F) . The same occured when we tested the effect of 1 mmol/L dibutyryl-CAMP, a compound that can either increase or decrease the permeability of gap junctions formed by Cx43 in different cell types.' Moreover, when macrophages were cocultured with the thymic epithelial cell line that expresses funcional gap junctions formed by Cx43," no heterologous dye transfer was observed (data not shown), when either macrophages or TEC were injected.
Electrical Coupling Between Macrophages
The dye transfer technique used is not sensitive enough to detect small numbers of junctional channels or channels with low anion permeability. Therefore, we decided to examine the presence of coupling by the more sensitive method, the dual whole-cell voltage-clamp technique (Fig 2) . We could resolve junctional currents below 2 pic0 Amperes (PA) at a driving force of 40 mV, corresponding to just one open Cx43 gap junction channel (Fig 2A and B) . However, pairs of peritoneal macrophages (n = 25) and 5774 (n = 25) cells displayed no electrical coupling (Fig 2C and E) , and even single gap junction channel activity was not detected (Fig  2D and F) . This contrasted with the consistent appearance of junctional currents when thymic epithelial cells were used as positive control in the same experimental conditions.
Are There Hemichannels Formed by Connexin-43 in Macrophages ?
Immunohlotting. The expression of Cx43 in macrophages was assayed by immunoblotting using a polyclonal antibody against amino acids 346-360 of the molecule. A protein of about 41 kD was recognized by this polyclonal antibody, corresponding to the unphosphorylated isoform of Cx43 (Fig 3) , as previously described.25 Our results are in agreement with a previous report'" that used a polyclonal antibody against another peptide sequence of the Cx43 molecule. We found no significant differences in the expression of Cx43 between normal and activated macrophages or ATPtreated macrophages (Fig 3, lanes 2 through 5) .
ATP-induced dve permeahilization. Macrophages display an ATP-induced permeability that allows the passage of molecules up to 900 daltons, similar to the exclusion size of gap junctions. To test whether this phenomenon could be due to a junctional hemichannel, we performed ATP-induced Lucifer Yellow uptake assays under three different experimental conditions that modulate gap junction conductance. First, cultures of peritoneal macrophages and 3774 cells were treated with octanol, a known inhibitor of gap junctions: 5 minutes before and during exposure to Lucifer Yellow and 5 mmol/L ATP. The normal ATP-induced dye uptake observed in the absence of octanol was not modified when macrophages were pretreated with 1 or 5 mmol/L octanol (not shown). In another set of experiments, the dye uptake protocol was performed in an Ca"-free extracellular solution or after inducing intracellular acidification (with sodium acetate at pH 7.3 or 6), conditions known to increase and decrease, respectively, the opening of hemigap junctions channels." Under these conditions, the ATP-induced uptake of Lucifer Yellow decreased significantly in Ca"-free extracellular solution (Fig 4G-H) or did not change with intracellular acidification (Fig 4E-F) when compared with controls containing normal solution (Fig 4C-D) . We have also tested the effect of I mmol/L dibutyryl-CAMP, and no differences were observed in dye uptake (not shown). Finally, we demonstrated ATP-induced dye uptake in macrophages derived from homozygous Cx43 knockout mice (Fig 41-3) . Macrophages from heterozygous pups from the same litter were used as positive controls and showed no difference in ATPinduced dye uptake (not shown).
Electrophysiologic measurements. Extracellular ATP Cx43-PCx43-NP- For
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can induce inward and outward currents in macrophage~.'~.~'.~' The non-specific cation inward current has been frequently thought to be involved with the permeabilization phenomenon."," We have then studied the effect on octanol on ATP-induced whole-cell inward and outward currents in thioglycolate-elicited macrophages. The results in Fig 5 show that the typical biphasic currents induced by iontophoretic application of extracellular ATP are not affected by 1 mmoVL octanol (n = 5). a condition known to induce complete uncoupling between adjacent cells?
DISCUSSION
The formation of gap junctions in many cell types is believed to be dependent on membrane contact established by a variety of In one recent study, an epithelial 
cells through membrane
Several molecules are known to favor these interactions, such as adhesion molecules, major histocompatibility complex (MHC) class I and 11, and specific receptors for sugar residues and antibodies.33,34 In this study, we have investigated the expression of connexin-43 and the formation of functional gap junctions by murine peritoneal macrophages. No evidence of coupling was found from our dye injection and dual whole-cell patchclamp experiments. Macrophages did not communicate among themselves or with a thymic epithelial cell line that expresses functional gap junctions made of connexin-43. No differences were observed after activation of macrophages with LPS or IFN-7. These results are in agreement with those reported by three independent groups working with rat macrophage^,^' cocultures of human macrophages, and endothelial cells36 and of fibroblasts and mouse macrophage~.~' Because functional gap junctions apparently occur only in the presence of phosphorylated connexin-43," the absence of phosphorylation in macrophage-derived Cx43 (even in activated cells) points to a nonfunctional state of this protein, at least under our experimental conditions. It is possible that previously described electrical coupling using standard electrophysiological technique^'^ resulted from cytoplasmic bridges that were described in ultrastructural studies3' Our observation of rhodamine-dextran coupling in one case where Lucifer Yellow transfer was present is consistent with this possibility.
Gap junction proteins have also been reported to form channels directly connecting the cytoplasm and the extracellular medium. Evidence for the presence of open gap junction hemichannels was first presented by Young et a139 who reconstituted liver gap junctions into planar lipid bilayers. More recently, DeVries and Schwartz" described a channel in teleost horizontal cells that opens in low extracellular calcium solution, allowing passage of molecules such as Lucifer Yellow. In addition, this hemichannel is modulated by intracellular acidification, voltage, and CAMP within a range compatible with that observed in whole gap junctions. Further evidence that connexins may form hemichannels was obtained by Paul" who injected mRNAs for connexin-32, connexin-43, and connexin-46 in Xenopous oocytes, but only connexin-46 induced voltage gated currents and exhibited permeability to Lucifer Yellow in nonjunctional plasma membrane. Recently, Beyer and SteinbergI6 suggested that macrophages could express functional Cx43 hemichannels (hemigap junction channels) that would be opened by extracellular ATP. Their hypothesis was based on the finding that a protein of 40 kD, recognized by a polyclonal antibody against connexin-43, was absent in subclones of 5774 resistant to permeabilization induced by extracelular ATP. Our results, using a polyclonal antibody against another sequence of Cx43, are in agreement with the expression of Cx43 in peritoneal macrophages (Fig 3) . However, our dye uptake and eletrophysiological experiments do not support the hypothesis that peritoneal macrophages express functional hemichannels when exposed to high concentrations of extracellular ATP. Moreover, Lucifer Yellow uptake induced by ATP was not altered in the presence of either octanol or dibutyryl-CAMP, two drugs known to modulate gap junction channel^.^ Using the same Lucifer Yellow uptake assay, we have shown that, in free calcium solution, the permeabilization decreased instead of increasing in contrast to what occured in hemichannels of retina cells in cult~re,'~ and that intracellular acidification did not alter dye uptake (Fig 4C-D) . Even more convincingly, we have shown that macrophages derived from homozygous Cx43 knouckout mice do take up dye in the presence of extracellular ATP.
We have also investigated the possibility that functional gap junction hemichannels are induced by ATP in macrophages by studing the ATP-activated currents in whole-cell patch-clamp experiments. Large conductance channels, as expected for an open gap junction hemichannel, do not seem to be responsible for the cation-non-specific c~r r e n t '~,~ that has usually been associated with the phenomenon of ATPinduced permeabilization." Our results show that octanol does not affect the ATP induced-currents (Fig 5) . We have also previously shown that the ATP-activated inward current of macrophages is not modulated either by intra-or extracellular Ca'+ or by voltage." These results indicate that this inward current does not have some of the typical properties associated with gap junction currents.
Based on the data presented, we propose that mature macrophages do not form functional hemichannels in vitro, and thus the phenomenon of ATP-induced permeabilization should not, in principle, be ascribed to Cx43 hemigap junction channels. Furthermore, we found that macrophages do not form functional gap junctions in vitro under our experimental conditions, but given the fact that these cells express the gap junction protein Cx43, we cannot discard the possibility of transient formation of homologous or heterologous functional gap junctions by macrophages in vivo.
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